(data not shown). The nucleosome templates used in In this study, we show that the bromodomains of Swi2/ Figure 1 had been previously acetylated by the SAGA Snf2 and Gcn5 were necessary for the stable occupancy complex. While SWI/SNF was able to bind to these of the SWI/SNF and the SAGA complexes, respectively, arrays by itself (Hassan et al., 2001 ), this nonspecific on acetylated promoter nucleosomes. On the other binding was not observed in the presence of nontemhand, the Spt7 bromodomain in the SAGA complex was plate competitor chromatin ( Figure 1B , compare lanes not necessary for the retention of SAGA on acetylated 1 and 2). With the addition of Gal4-VP16, which binds nucleosome arrays. These data illustrate the selectivity the five Gal4 sites in the artificial G5E4 promoter, SWI/ and specificity of bromodomain-containing subunits in SNF binding to the template was recovered, demonstraanchoring chromatin-modifying complexes on promoter ting the recruitment of the complex to the array by the nucleosomes. Synthetic phenotypes observed upon activator ( Figure 1B, compare lanes 3 and 4) . When Gal4-combining deletions of the Swi2/Snf2 bromodomain VP16 was subsequently removed from the template by with deletions of the Gcn5 bromodomain or temperaa competing Gal4-site oligo ( Figure 1B , lanes 5 and 6), ture-sensitive mutants in Tra1 suggest related roles of wild-type SWI/SNF was retained on these acetylated these bromodomains in recruitment and retention of nucleosome arrays ( Figure 1B, Figure 1A ; also see Hassan et al., also recruited to promoters by yeast transcriptional acti- bromodomain-swapped strains were tested in the recruitment/retention assay. The Swi2/Snf2 bromodomain was able to functionally replace the Gcn5 bromodomain. SAGA complex lacking the Gcn5 bromodomain, but periments illustrate that the Spt7 bromodomain has the ability to bind to acetylated histone H3; however, Spt7 does not use this activity to effectively anchor SAGA on promoter nucleosomes, which appears to be a particular promoter nucleosomes, whereas the Spt7 bromodofunction of the Gcn5 subunit of SAGA. main was not.
Replacement of the Gcn5 Bromodomain with That
The Gcn5 Bromodomain Also Anchors SAGA onto H4-Acetylated Nucleosome Arrays of Spt7 Supports Anchoring of SAGA to Acetylated Nucleosome Arrays While the bromodomain in Spt7 did not contribute to anchoring SAGA onto nucleosomes where it acetylated The difference between the ability of the Gcn5 and Spt7 bromodomains to anchor SAGA onto promoter nucleohistone H3, it is possible that the Spt7 bromodomain functions through acetylated H4 tails (i.e., acetylation somes might be due to the specificity of the bromodomains and their ability to recognize acetylated histone by NuA4). The H4 tails exit the nucleosome core at quite a different position than the H3 tail (Luger et al., 1997), H3 or a property of the subunit which each is part of. To test these possibilities, we performed bromodomain which could be oriented toward Spt7 when SAGA is bound to the nucleosome. To test whether the Spt7 swap experiments. We replaced the Gcn5 bromodomain with the Spt7 bromodomain to see if it would now funcbromodomain is important in retaining the SAGA complex on acetylated H4 tails, we acetylated nucleosome tion as part of Gcn5 (Figure 4) . As a positive control we also replaced the Gcn5 bromodomain with the Swi2/ arrays with NuA4, followed by washing to remove the HAT and acetyl-CoA. This H4-acetylated template was Snf2 bromodomain. SAGA complexes purified from the Figure 5B, lane 7, bottom gel) . These data illustrate that main that is capable of binding acetylated histones, we tested for synthetic phenotypes upon combining mutathe bromodomain of Gcn5, but not the Spt7 bromodomain, interacts with acetylated lysines on either the H3 tions deleting the bromodomains of Gcn5 and Swi2/ Snf2. As can be seen in Figure 6A , deletion of the Swi2/ or H4 tails. Thus, anchoring SAGA onto promoter nucleosomes appears to be a dedicated function of the Snf2 or Gcn5 bromodomains usually had at most a moderate affect on cell growth under a variety of conditions. Gcn5 bromodomain, distinguishing it from the bromodomain in Spt7.
However different conditions. Figure 7C shows the quantification Growth in the presence of aminotriazole (3-AT) also reof the ChIP data from three different experiments. Again, quires the function of the Gcn4 activator (Kanazawa et wt SWI/SNF bound to the SUC2 promoter 3.5-to 4-fold al., 1988) and was reduced by the deletion of the Gcn5 more under derepressed than repressed condition, bromodomain but only slightly further impaired by delewhereas a deletion in the Swi2/SNf2 bromodomain did tion of the Swi2/Snf2 mutation. We also tested for phenot have the same enhanced effect under derepressed notypes of the Swi2/Snf2 bromodomain deletion in conditions. Thus, the Swi2/Snf2 bromodomain contribstrains bearing a temperature-sensitive mutation in the utes to SWI/SNF occupancy of the SUC2 promoter TRA1 gene ( Figure 6B ). Tra1 is the largest subunit of the in vivo.
SAGA and NuA4 complexes and plays an important role in their recruitment by activators (Brown et al., 2001).
Discussion We reasoned that even at the permissive temperature this strain may be weakened in activator function and
In this report, we have examined the effect of three thus more susceptible to additional mutations affecting different bromodomains in yeast SWI/SNF and SAGA gene activation. When combined with the Tra1 temperaon binding and anchoring these chromatin-modifying ture-sensitive mutation, strong phenotypes were seen complexes on promoter nucleosomes. We show that with the Swi2/Snf2 bromodomain deletion with regard even though SWI/SNF purified from a Swi2/Snf2 bromoto growth on galactose and in the presence of aminotridomain deletion strain was recruited to acetylated azole. More modest phenotypes were seen for growth nucleosome array templates, it was not anchored on in the presence of SMM or in the absence of histidine. these templates and its occupancy was instead depenTaken together, these data suggest that the bromododent on the activator that recruited it. This illustrates mains of Gcn5 and Swi2/Snf2 play important roles in the requirement for this bromodomain in anchoring the the activation of Gcn4-and Gal4-driven genes in vivo. complex on acetylated templates. In addition, we have The function of these bromodomains seem particularly shown that SAGA, but not NuA4, is retained on both critical in the presence of mutations in other compo-H3-and H4-acetylated nucleosome arrays after activanents affecting recruitment (Tra1) or anchoring (e.g., tor removal. The difference in the ability of SAGA versus other bromodomain deletions) of chromatin-modifying/ NuA4 to become stably anchored at the promoter is remodeling complexes to promoters. consistent with the distribution of acetylated nucleoThe Swi2/Snf2 and Gcn5 bromodomain deletions also somes resulting from each being recruited by a promoter showed a synthetic defect with regard to growth on bound activator. Once recruited, NuA4 leads to a raffinose ( Figure 7A lanes 13 and 14) , as expected. Importransferase complexes. It is also possible that the Spt7 tantly, the same preferential immunoprecipitation of the SUC2 promoter that was observed with the wt SWI/SNF bromodomain interacts functionally in some way with acetylated lysines in the histone H3 and H4 tails but yeast RSC complex. Indeed, RSC could be dependent on its bromodomains for targeting of the complex to only when the activator is present to stabilize the binding of SAGA. Loss of the activator might result in a change substrates, whereas the SWI/SNF complex is recruited via activators. This may explain why some of the RSC in the binding of the complex that will not allow its continued interaction of Spt7 with the histone tails.
bromodomains are essential. Like in RSC, the bromodomains in human TAFII250 seem to be critical for function. Clearly bromodomain function in Spt7 differs significantly from bromodomain function in Gcn5.
The presence of multiple tandem bromodomains in some proteins (like two bromodomains in TAFII250, The fact that bromodomains in two different complexes, SWI/SNF and SAGA, recognize the acetylation Rsc1, and Rsc2) might increase the affinity of these proteins for acetylated histone tails and promote effipatterns produced by SAGA or NuA4 suggests possible overlapping functions between these complexes. Incient targeting of these proteins by acetylated lysines. This has been observed in the case of TAFII250, where deed, synthetic phenotypes observed for double Gcn5 and Swi2/Snf2 bromodomain deletions support this the affinity of this protein for specifically diacetylated histone tails is enhanced compared to singly acetylated possibility. Thus, while neither bromodomain deletion had strong phenotypes on its own, combining them to tails (Jacobson et al., 2000) . By acetylating histones, the SAGA complex is able to potentially perturb multiple interactions of the complexes with acetylated promoter nucleosomes had lay down a mark in chromatin that stablizes its own interaction with the template as well as that of SWI/SNF. stronger phenotypes. It is also possible that there will be redundant functions between these and other homolThis releases the SAGA and SWI/SNF complexes from activator dependence for promoter occupancy. Thus, ogous chromatin-modifying complexes such as the his5 ϩ gene at the SWI2 locus was verified by PCR. The pTRA1-wt or a bromodomain deletion Swi2/Snf2 (ϩ Ura) subunit. Briefly, URA3-CEN plasmid was removed from this strain by growth on yeast whole-cell extract was added to FLAG M2 resin. The SWI/ synthetic-complete-dextrose (SCD)-Trp plates containing 1 mg/ml SNF complex was eluted from the beads by FLAG peptide. Purifica-5-FOA. A single colony from this strain (MAT a tra1::LEU2, pCB157-tion was monitored by Western blot, using several antibodies to TRP-CEN, SWI2::his5 ϩ , ade2-1, his3-11, 25leu2-3, 112 trp1-1, SWI/SNF subunits as well as silver staining. SAGA and NuA4 comura3-1, can1-100) was transformed with either pSWI2 wild-typeplexes were purified over Ni-NTA agarose, followed by mono Q URA3-CEN or pSWI2 ⌬ bromodomain -URA3-CEN and recovered chromatography. Bromodomain deletions of these complexes did by growth on SCD-Ura plates. Colonies for the wild-type or ⌬bromo-not affect complex integrity, as observed by silver staining (data domain SWI2 strains showed temperature-sensitive growth at 37ЊC, not shown). ⌬Br Gcn5 strain (deletion of the gcn5 bromodomain) confirming that only the tra1-28 allele was present in each. Growth was created by transforming ⌬gcn5 with a plasmid containing the of strains containing tra1-28 and either wild-type SWI2 or ⌬bromo-first 1044 residues of the gcn5 gene (ϩ Trp). ⌬Br Spt7 strain was a domain SWI2 were compared to each other and to YCB650 congift from F. Winston (FY 1009). The double bromodomain deletion taining pTRA1-TRP-CEN (after growth on 5-FOA plates to remove (⌬Br Gcn5, ⌬Br Spt7) strain was created by transforming ⌬gcn5 pTRA1-URA3-CEN) as a control for native SWI2 expression. Yeast ⌬spt7 double deletion strain (FY 1438) with two plasmids, one concontaining tra1-28 and lacking SWI2 were too sick to include in taining the first 1044 residues of the gcn5 gene (ϩ Trp) and the the comparison. Cells for each were collected in stationary phase, other with all but the spt7 nucleotide residues 1386-1614 (FB 1403), washed with water, and compared by colony dilution assay (4-fold gifts from F. Winston. For the swapping experiments, gcn5 (1-1044 dilutions from a starting OD 600nm of 0.2) after 3 or 4 days at 30ЊC. bp) was fused to spt7 (1386-1614 bp) to replace the Gcn5 bromodomain with that of Spt7, and gcn5 (1-1044 bp) was fused to swi2/ snf2 (4716-4944 bp) to replace the Gcn5 bromodomain with that of In Vivo Chromatin Immunoprecipitation (ChIP) Assay Swi2/Snf2. For the ChIP assays, we transformed ⌬swi2/snf2 deletion Appropriate yeast strains that were either untagged (control) or mycstrain that contained either an untagged (control) or an integrated tagged on the Snf6 subunit were grown in 2% dextrose to an OD 600 snf6-13 myc-tagged with either wild-type or swi2/snf2 bromodoof approximately 0.8 and shifted to low (0.05%) dextrose for 2 hr. main deletion plasmids.
Following the standard in vivo ChIP protocol (Kuo and Allis, 1999), 1% of the final concentration formaldehyde was added to 100 ml of culture for each condition (repressed and derepressed) and incuImmobilized Template Recruitment/Retention Assays bated for 15 min at room temperature. After preparing whole-cell The recruitment assay was performed as described previously (Hasextract, anti-myc antibody is used to immmunoprecipitate SWI/SNF san et al., 2001). Briefly, the G5E4-5S fragment was end-labeled and the crosslinked DNA. The beads were washed and the crosslinkwith biotin-14-dATP, gel purified, and reconstituted by step dilution. ing reversed. DNA was extracted from the beads, proteinase K diThe nucleosomal arrays were then bound to paramagnetic beads gested, phenol-chloroform extracted, and ethanol precipitated, folcoupled to streptavidin (Dynabeads streptavidin, Dynal) as delowed by quantitative PCR. scribed. 100 nM Gal4-VP16 (50 nM dimers) was added to approximately 200 ng of this template in 20 l (3.4 nM) binding buffer (10 mM HEPES [pH 7.8], 50 mM KCl, 5 mM DTT, 5 mM PMSF, 5% Acknowledgments glycerol, 0.25 mg/ml BSA, and 2 mM MgCl2) and incubated for 20 min at 30ЊC followed by the simultaneous addition of 4 nM SWI/SNF, We thank C. Brown for generating the tra1-28 allele and L. Howe SAGA, or NuA4 and 2 mg competitor chromatin. After an additional 1 for advice in designing experiments. We thank F. Winston for providhr incubation at 30ЊC, the templates were concentrated on a magnet, ing ⌬Br Spt7 plasmid and strain and ⌬gcn5⌬spt7 double deletion the supernatant was removed, and the beads were washed twice strain. We thank B. Laurent for ⌬Br Swi2/Snf2 plasmid (pIT BLbefore performing Western blot analysis. For the Gal4-VP16 compe-SNF 1-1554; Laurent et al., 1993). We are grateful to B. Cairns for tition experiments, 1 mg of Gal4-oligo or LexA-oligo (control) was providing ␣ Swp61/Arp7 and other antibodies against SWI/SNF subadded to the reaction after SWI/SNF incubation and the competition units. We also thank R. Utley for Gal4-VP16 purification. We are performed at 30ЊC for 30 min prior to concentrating the templates grateful to J. Cote, T. Owen-Hughes, A. Eberharter, P. Grant, and on the beads. In Figures 3 and 4 , partially purified SAGA from various members of the Workman, Simpson, Reese, and Tan labs at Penn deletion or substitution strains were used for the recruitment assay.
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